INTRODUCTION
The Hippo pathway is essential for normal development and is dysregulated in many cancers, reflecting its important role in growth control (Zhao et al., 2011) . Hippo signaling is regulated by diverse upstream inputs, which converge on the protein kinases Hippo and Warts (Wts). Downstream outputs of Hippo signaling in Drosophila are mediated through the oncogenic transcriptional coactivator Yorkie (Yki), which is negatively regulated by Wts (Oh and Irvine, 2010) . As a transcriptional coactivator, Yki does not bind DNA directly, but instead interacts with DNA-binding proteins, utilizing multiple DNA-binding partners (Oh and Irvine, 2010) . Once recruited to DNA, Yki's role is to elevate the transcription of target genes, but the mechanism(s) by which it does so is not understood.
Two key aspects of transcriptional activation in eukaryotes are modulation of chromatin structure and recruitment of the core transcriptional machinery. Chromatin modifiers include ATP-dependent chromatin-remodeling complexes, such as NURF or SWI/SNF, and histone-modifying enzymes, which modulate the properties of nucleosomes through posttranslational modifications (Li et al., 2007) . Recruitment of the core transcriptional machinery can involve direct interactions with core components or interactions with components of a large complex called Mediator, which links transcriptional activators to core subunits of RNA polymerase (Malik and Roeder, 2010) . Chromatin modification and recruitment of core transcriptional machinery are often thought of as distinct processes, but they can be mechanistically linked. One transcription factor associated with both processes is GAGA factor (GAF, encoded by the Trithorax-like locus, Trl). GAF has been reported to associate with components of the core transcriptional machinery (Chopra et al., 2008) but was also identified as a gene required for the normal expression of homeotic genes, and in this role it is thought to act by influencing chromatin structure (Farkas et al., 1994) . Here, we identify a direct physical link between Yki and proteins involved in chromatin remodeling, providing insights into how Yki activates transcription.
RESULTS

Widespread Localization of Yki on Chromatin
Although several genes directly regulated by Yki have been identified, the full constellation of Yki targets is unknown. We identified Yki target genes by chromatin immunoprecipitation (ChIP) using Yki antisera and DNA sequencing (ChIP-seq). This identifies candidate direct targets of Yki, whereas most genes whose transcription is altered by changes in Yki activity might be indirectly affected. Yki-associated chromatin was isolated and analyzed from both 8-16 hr embryos and third-instar wing discs. This identified a large number of loci with significant Yki association: 6,491 Yki-bound regions in wing disc chromatin and 3,749 in embryonic chromatin (corresponding to an estimated 3,899 and 2,416 genes, respectively, when peaks within 500 bp of the transcription start site or within the transcription Regions called Yki peaks are identified by gray bars. Yki-responsive enhancers that have been identified at these loci (Oh and Irvine, 2011; Wu et al., 2008; Zhang et al., 2008a) are indicated in orange at the bottom, and a previously identified Hth-and Yki-binding region (Peng et al., 2009 ) is indicated in light blue.
(legend continued on next page) unit are assigned to that gene). Gene ontology analysis suggests that these genes are linked to a broad range of functions (Table S1 ).
Genome annotation revealed that Yki-bound regions are enriched near promoters as compared to intronic, exonic, and intergenic regions ( Figure 1A ; Figure S1A ), consistent with Yki's role as a transcriptional activator. Comparison of transcript levels identified a correlation between transcription and Yki binding, as genes with Yki-binding sites were expressed on average at levels over 10-fold higher than genes without Ykibinding sites in wing discs and at roughly 7-fold higher levels in embryos ( Figures 1B and S1B ). Genomic analysis also revealed a correlation between Yki-bound chromatin and peaks of H3K4me3 modification. Across the genome, the average H3K4me3 ChIP signal near promoters, which is associated with actively transcribed genes (Eissenberg and Shilatifard, 2010) , was several-fold higher for genes with Yki sites than for genes without Yki sites ( Figures 1B and S1B ). These observations indicate that Yki binding to chromatin is correlated with increased transcription, and thus imply that Yki acts as a broad regulator of transcriptional activity at thousands of loci throughout the genome.
As a further test of this, we conducted expression analysis by RNA sequencing (RNA-seq) on wing discs isolated from wild-type and wts P2 mutant larvae (Justice et al., 1995) . Comparison of the relative expression levels of genes associated with Yki peaks to those not associated with Yki peaks revealed that they differed by over 30% at the median expression level. Among non-Yki-bound genes, the average expression was scored as having decreased, which we think reflects normalization to total genome-wide expression, which should be increased if most of the 3,899 Yki-bound genes are affected by wts
P2
. To provide a statistical test of the relation between Yki binding and transcriptional changes in wts
, we used gene set enrichment analysis (GSEA) (Subramanian et al., 2005) . Indeed, genes with increased expression in wts P2 were highly enriched for Yki target genes as determined by ChIP-seq (p < 0.005) (Figure 1G ; Table S4 ). We also examined Yki binding at previously characterized targets of Yki. At three genes for which Yki-responsive enhancers have been characterized, ban (Oh and Irvine, 2011) , Diap1 (Wu et al., 2008; Zhang et al., 2008a) , and ex (see below), Yki-binding peaks in wing discs overlap functionally defined Ykiresponse elements ( Figure 1D ). These genes were all identified as Yki targets in imaginal discs, and Yki binding at these loci was more extensive in wing discs than in embryos (Figures 1D and S1D) .
Correlation between Yki and GAF Binding
We used de novo motif discovery to find DNA sequence motifs that are enriched within Yki-bound chromatin. The most enriched motifs comprise GAGA-rich sequences (Figures 1E and S1E; Table S2 ), which correspond to the DNA recognition motif of GAF, which plays crucial roles at multiple steps of transcription (Adkins et al., 2006) . Earlier studies have implicated Sd, Hth, and Mad in the recruitment of Yki to DNA (Oh and Irvine, 2010) , and another DNA-binding transcription factor, E2F1, synergizes with Yki to regulate cell-cycle genes (Nicolay et al., 2011) . Binding sites for these proteins did not emerge from de novo motif analysis, but scanning against a database of known DNA motifs identified SMAD2 (Mad homolog)-binding and TEAD1 (Sd homolog)-binding motifs, and multiple E2F motifs, as enriched near the centers of Yki-binding regions (Figure 1E ; Table S2 ). E2F-related motifs were also overrepresented near the centers of Yki embryo peaks ( Figure S1E ; Table  S2 ), and a subset of Yki embryo peaks were enriched for TALE (Hth) motifs ( Figure S1E ; Table S2 ). Moreover, when we analyzed Yki-bound regions with a more degenerate Sdbinding motif, 50%-60% of Yki peaks contained one or more potential Sd-binding sites ( Figures 1F and S1F ). These results support a model in which Yki is recruited to DNA by multiple factors.
To address the significance of GAGA-rich sequences, we used a GAF antisera to perform ChIP-seq experiments and identified GAF-bound chromatin in both 8-16 hr embryos and wing discs. A highly significant overlap was identified: over 60% of Yki sites overlap GAF sites (Figures 1C and S1C) , including peaks at known target genes ( Figures 1D and S1D ). This suggests that GAF is a frequent partner of Yki throughout the genome for transcriptional regulation of downstream genes.
Identification of GAF as a Nuclear Yki-Associated Protein
To define mechanisms by which Yki activates transcription, we sought to identify nuclear Yki-associated proteins. Yki is normally predominantly cytoplasmic, reflecting endogenous Hippo pathway activity (Dong et al., 2007; Oh and Irvine, 2008) . To avoid cytoplasmic Yki-associated proteins, we isolated nuclear extracts from Drosophila S2 cells and then purified endogenous Yki complexes using anti-Yki serum or, as a control, preimmune serum, attached to beads. Coimmunoprecipitated proteins, visualized by silver staining on SDS-PAGE gels, that were precipitated using anti-Yki and not preimmune sera (Figure 2A) were then identified by mass spectrometry. This See also Figure S1 .
identified several nuclear proteins with known roles in transcription, including GAF. Indeed, GAF was identified as the protein with the lowest log(e) score (an indication of high confidence in the assignment) and was identified from one of the most prominent bands in nuclear extracts ( Figure 2A ; Table S3 ), implying that the correlation between Yki and GAF binding to chromatin reflects their physical association. The identification of GAF as a Yki-interacting protein was confirmed by coimmunoprecipitation; western blotting revealed that GAF was specifically coprecipitated by anti-Yki and not by preimmune serum ( Figure 2B ). To determine whether this interaction is direct, we performed coprecipitation assays on proteins expressed in bacteria. GAF was expressed as a glutathione S-transferase (GST) fusion protein. Yki was pulled down by GST:GAF, but not by GST ( Figure 2F ). Earlier studies identified an essential role for the WW domains of Yki in transcriptional activation (Oh and Irvine, 2010 (GAF:FLAG). However, both Yki isoforms were coimmunoprecipitated with GAF ( Figure 2D ), suggesting that the WW domains are not required for GAF binding. The WW domains were also not required for the interaction between GST-GAF and Yki in bacterial lysates ( Figure 2F ).
Association of BRM and Mediator Complexes with Yki
Two additional proteins, Moira (Mor) and Mediator complex subunit 23 (MED23), were also identified by low log(e) scores and represented by multiple peptides (Table S3) . Mor is a component of the Brahma (BRM) complex, the Drosophila cognate of the conserved SWI/SNF chromatin-remodeling complex. Two additional components of the BRM complex, Brahma (Brm) and Dalao, were also identified as nuclear Yki-associated proteins by mass spectrometry (Table S3) . MED23 is a component of Mediator (reviewed in Malik and Roeder, 2010) . Four additional Mediator subunits, MED15, MED31, MED19, and MED1, were also identified as nuclear Yki-associated proteins by mass spectrometry (Table S3) . Previously characterized DNA-binding partners of Yki were either not identified (Hth, Mad) or identified but only with low log(e) scores (Sd) ( Table S3) ; their expression in S2 cells might be too low for robust identification by this approach.
We confirmed the identification of Mor as a Yki-associated protein through multiple approaches. Endogenous Mor was specifically coimmunoprecipitated from cultured Drosophila cells with Yki antibodies (Figure 2C ), and V5-tagged Mor could precipitate FLAG-tagged Yki ( Figure 2E ). Moreover, bacterially expressed Yki was specifically precipitated by GST:Mor (Figure 2F) . Thus, Yki and Mor can directly bind to each other, establishing a direct link from Yki to a chromatin-remodeling complex. Both wild-type Yki and Yki -WW also interacted with Mor ( Figures   2E and 2F ), demonstrating that they bind to each other in a WWdomain-independent manner. Although the C-terminal half of Yki (from amino acid [aa] 241) was not expressed well enough in bacteria to be assayed, the N-terminal half (Yki-N, up to aa 240) was expressed well. Yki-N did not interact well with GST-GAF but did interact with GST:Mor, suggesting that Mor, but not GAF, interacts with the Yki N terminus ( Figure 2F ). Attempts to confirm a physical interaction between individual Mediator subunits and Yki were unsuccessful (not shown), but homologs of Yki (TAZ) and MED15 (ARC105) have been reported to coassociate within a complex in mammalian cells (Varelas et al., 2008) .
GAF, BRM, and Mediator Are Required for Yki Activity
A major biological function of Yki is to promote growth and inhibit apoptosis. Mutation or downregulation of Trl, BRM components, or Mediator subunits can result in growth defects and reduced cell viability (Elfring et al., 1998; Farkas et al., 1994 ; Terriente-Fé lix et al., 2010) ( Figure S2 ). To determine whether this reflects roles in Yki-mediated transcription, three well-established in vivo targets of Yki, expanded (ex), thread, (th, commonly referred to as Diap1), and bantam (ban, a microRNA gene), were assayed in wing discs in which GAF, BRM subunits (Mor, Brm, or Dalao), or Mediator subunits (Kto, MED23, or MED15) were downregulated by RNA interference (RNAi). Expression of ex, monitored using an ex-lacZ reporter, could be reduced by knockdown of GAF ( Figure 3A ), BRM subunits ( Figure 3B ), or Mediator subunits ( Figures S3A  and S3B ). Expression of th, monitored using Diap1 antibodies, was also reduced by knockdown of GAF ( Figure 3C ), BRM subunits ( Figures 3D, S2M, S2N , S3C, and S3D), or Mediator subunits ( Figures 3E, S3E , and S3F). ban expression was monitored using a sensor, bs-GFP, in which ban target sites are present in the 3 0 UTR of a GFP transgene (Brennecke et al., 2003) . bs-GFP expression was upregulated by knockdown of GAF or Mediator ( Figures 3C, 3E , S3E, and S3F), which indicates that ban expression was reduced, and this effect was comparable to that induced by knockdown of Yki ( Figure S3G ). For Brm complex subunits, only subtle effects on bs-GFP expression were observed when RNAi lines were expressed under en-Gal4 control ( Figures 3D, S3C, and S3D ), but increased bs-GFP expression was obvious when RNAi lines were expressed in clones under AyGal4 control ( Figures S2M  and S2N ). In sum, three well-established direct targets of Yki are all dependent upon GAF, BRM, and Mediator for their normal expression.
The requirement for GAF in the expression of ex, th, and ban confirms that the overlap of Yki-and GAF-binding regions on chromatin, and their physical interaction, are reflective of a functional requirement for GAF in the expression of these key Yki targets. Moreover, other genes that are not direct targets of Yki, such as dorsal-ventral boundary Wingless (Wg), were not significantly reduced by Trl RNAi ( Figure 3F ). We also extended our analysis of GAF by showing that a minimal ban reporter, brC12-lacZ, that responds directly to Yki and Mad (Oh and Irvine, 2011) was also downregulated by Trl RNAi ( Figure 3F ) and that Trl clones also exhibit decreased Diap1 levels ( Figures S2K  and S2L) .
These in vivo studies were complemented by transcriptional assays in S2 cells. We used two previously characterized reporters: a ban reporter that is activated by Yki through Mad (br2.5-luciferase) (Oh and Irvine, 2011) , and a reporter that is regulated by a Yki:Gal4 DNA-binding domain fusion protein (Yki:Gal4DBD, UAS-luciferase) (Oh and Irvine, 2009 ). In addition, we identified a Yki-responsive enhancer upstream of ex and used this to create an ex-luciferase reporter. For a non-Ykiresponsive reporter, we used a Dpp-pathway responsive enhancer from Ubx (DRE-luciferase) (Oh and Irvine, 2011) . Reduction of GAF levels by Trl RNAi reduced Yki-mediated activation of both the ban and ex reporters ( Figures 3K and 3L ). UAS-luciferase was not significantly affected by Trl RNAi (Figure S3H ), but the ChIP analysis implies that GAF does not act at all Yki target genes. The non-Yki-responsive reporter (DREluciferase) was also not affected by Trl RNAi ( Figure 3M ). To assess requirements for BRM, we assayed the effects of RNAi-mediated knockdown of the same three subunits examined in vivo: Dalao, Mor, and Brm. Significant reductions were observed for both the ban reporter and UAS-luciferase (Figure S3I and S3J ). These reporter assays further support the conclusion that GAF and BRM contribute to Yki-mediated transcriptional activation.
Activated Yki Requires GAF, BRM, and Mediator
To further investigate the requirement for GAF, BRM, and Mediator in Yki-mediated transcription, we examined Yki target genes under conditions where Yki activity was elevated, either through reduction of Wts levels or through expression of an activated form of Yki (Yki S250A ) (Oh and Irvine, 2009 ). The increased expression of Diap1 or ban normally observed in the presence of activated Yki ( Figures 4A and 4D) was either partially or completely suppressed when GAF, BRM, or Mediator subunits were downregulated by RNAi (Figures 4 and S4) . Thus, GAF, BRM, and Mediator all contribute to Yki-mediated transcriptional activation in vivo. Moreover, these experiments provide genetic evidence that these genes act at or below the level of Yki rather than on upstream components of the Hippo pathway, consistent with their identification as nuclear cofactors of Yki.
DISCUSSION
Molecular mechanisms underlying the transcriptional activation of target genes by Yki have remained ill-defined. We have remedied this by identifying multiple nuclear cofactors of Yki's transcriptional activity: GAF, BRM, and Mediator. Our discovery of the association of Yki with GAF and BRM establishes a direct connection between Yki and chromatin-remodeling complexes, thus identifying direct linkage to chromatin-remodeling complexes as a mechanism by which Yki promotes transcription. The linkage of Yki to chromatin remodeling is further supported by the observation that wts mutations can influence position effect variegation (Figures S1G and S1H) .
The interaction between Yki and BRM is mediated by the BRM subunit Mor, which binds directly to Yki. BRM is broadly required for gene activation in Drosophila (Armstrong et al., 2002) , and homologous SWI/SNF complexes are broadly required for transcriptional activation in other eukaryotes (Martens and Winston, 2003) . These complexes promote transcription by remodeling nucleosomes. Our biochemical and genetic studies identify the recruitment of BRM as a crucial aspect as Yki's transcriptional activity, and this link between them is intriguing in light of the biological processes to which both chromatin regulators and Yki/Yap activity have been linked, including the growth of diverse tumors, stem cell maintenance and pluripotency, and regeneration.
The requirement for GAF further stresses the importance of chromatin remodeling to Yki activity and suggests additional mechanisms by which Yki promotes transcription. GAF is a multifunctional cofactor: it has been linked to chromatin remodeling through interactions with NURF (Tsukiyama and Wu, 1995) and FACT (Shimojima et al., 2003) , and it has also been linked to the general transcriptional machinery (Chopra et al., 2008) and to looping (Agelopoulos et al., 2012) . GAF may combine multiple functions in a single regulatory structure. Indeed, a model was proposed in which nucleosome displacement by GAF would make DNA recognition sites of activators or repressors accessible, and then these proteins would act in conjunction with GAF to recruit transcriptional machinery (Lehmann, 2004) . Although GAF has only been intensively studied in Drosophila, the vertebrate c-Krox/Th-POK has been proposed as functional homolog (Matharu et al., 2010) , and it will be interesting to see if it has a role in vertebrate Hippo pathways.
Considering that Yki interacts with protein complexes involved at different steps of activation, Yki may play multiple roles to coordinate and integrate these steps. We propose that Yki is recruited to specific loci through sequence-specific DNA-binding partners. Yki and GAGA may reinforce each other's localization to chromosomal sites through their binding to each other and also through their recruitment of chromatin-remodeling complexes, which could make DNA-binding sites more accessible. Yki and GAF could then each contribute to recruitment of additional transcriptional coactivators, Mediator, and the general transcriptional machinery, with this recruitment further facilitated by the nucleosome-remodeling activities of BRM and NURF.
Studies of how Yki promotes growth have focused on specific target genes with known roles in promoting growth and cellcycle progression and inhibiting apoptosis (Oh and Irvine, 2010) . However, characterization of Yki's localization to chromatin suggests that Yki may have thousands of direct targets. Yki is directly associated with thousands of chromosomal loci, and both global transcriptional analysis and H3K4me3-modification patterns indicate that the bulk of this Yki localization is correlated with increased transcription. Thus, we infer that Yki is involved in transcriptional activation on a genome-wide scale. This suggests a distinct perspective on how Yki effects its core biological function of promoting growth. We speculate that in addition to activating select growth loci, Yki's role as a growth promoter might also stem from an ability to induce a broad increase in cellular transcription. Increased growth requires an increase in cellular mass, which implies an increased need for thousands of cellular constituents. Indeed, the crucial role of Myc in promoting growth is thought to stem in part from its role in promoting the expression of ribosomal proteins (van Riggelen et al., 2010) , and thereby increasing cellular mass through a global increase in cellular translation. Moreover, recent studies of Myc have also indicated that it induces a global increase in transcriptional activation (Lin et al., 2012; Nie et al., 2012) . A widespread increase in cellular transcription, induced by Yki, might similarly promote growth by contributing to the increased cellular mass necessary to sustain increased growth rates. 
EXPERIMENTAL PROCEDURES
Drosophila
Histology and Imaging
Imaginal discs were fixed and stained as described previously (Cho and Irvine, 2004) using as primary antibodies rabbit anti-Yki (1:400) (Oh and Irvine, 2008) , mouse anti-Wg (1: 800, DSHB), rabbit anti-Dcr2 (1:1,600, Abcam), goat antib-gal (1:400, Biogenesis), active caspase3 (1:400, Cell Signaling), and mouse anti-Diap1 (1:400, gift of Bruce Hay). Fluorescent stains were captured on a Leica TCS SP5 confocal. Additional experimental details are in the Extended Experimental Procedures. Figure S4 .
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